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8 ABSTRACT: Several porphyrin dimers linked by metal ions were prepared. One trimeric
9 compound was also isolated and one porphyrin dimer linked by palladium(II) could be
10 structurally characterized. In solution, the size of the new compounds was estimated by
11 DOSY NMR techniques. These compounds all contained long aliphatic chains (O−
12 C12H25), which were used to assemble them at a highly oriented pyrolytic graphite
13 (HOPG)/liquid interface. The highly ordered arrays were visualized by scanning tunneling
14 microscopy (STM).
15 ■ INTRODUCTION
16 To build molecular scale devices on surfaces, it is essential to
17 control the organization of the molecules at the surfaces or at
18 the solid/liquid interface.1 Self-assembly is often used as an
19 organizational tool, resulting in nice structures on various
20 substrates.2 Molecules like porphyrins, chlorins, or corroles are
21 ubiquitous molecules and are in the center of numerous
22 essential processes found in living systems. Tetrapyrrolic
23 macrocycles are found in many light-harvesting complexes
24 and in photosynthetic reaction centers because of their
25 exceptional optical properties. These properties were recog-
26 nized quite early by synthetic chemists and therefore these
27 molecules were modified and designed to offer new interesting
28 optical, electrochemical, photochemical, and chemical proper-
29 ties.3 Because of these properties, it was obvious that these
30 molecules should be studied at the solid/liquid interfaces. Until
31 now, several authors have shown that porphyrins could be
32 assembled on HOPG or metal surfaces.4 The STM technique
33 was used to visualize single molecules on the surface, thus
34 acting as a well-known characterization tool for large
35 molecules.5 In addition, STM demonstrated how these
36 molecules form highly ordered assemblies on these substrates.6
37 We have shown earlier that metallo-porphyrins could be
38 connected by coordination bonds if the aromatic core of the
39 macrocycle was functionalized with an external chelating
c1 40 coordination site (see Chart 1).7
41 The external chelate was coplanar and conjugated with the
42 aromatic core, allowing electronic delocalization between two
43 porphyrins linked by metal ions.8 This electronic delocalization
44 was extended to oligoporphyrins by using monomeric
45porphyrins bearing two external coordination sites.9 Electronic
46communication through the coordination linkage between the
47individual macrocycles was demonstrated. More recently, we
48have shown that this electronic delocalization was responsible
49for ultrafast energy transfer from a zinc(II) porphyrin to a free
50base porphyrin linked together by a palladium(II) or
51platinum(II) ion.10 In this study, we have modified our initial
52porphyrins by adding alkyl chains at the periphery of these
53molecules and attempted to organize and assemble them on a
54HOPG surface.
55■ RESULTS AND DISCUSSION
56Monomeric compounds bearing long aliphatic chains in
57addition to external coordination sites were the first synthetic
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Chart 1. Porphyrins Bearing External Coordination Sites
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58 goal. The arylalkylether meso group (Ph-OC12H25) was chosen
59 to obtain porphyrin monomers suitable for deposition at a
60 HOPG liquid/surface interface. The preparation of porphyrins
61 bearing enamino(thio)ketones as external coordination sites is
62 well established.9 The starting porphyrin with three meso-
63 alkoxyaryl groups and one ortho-carbomethoxyphenyl group
64 was obtained via a classical statistical Lindsey procedure.11 After
65 hydrolysis of the ester group, intramolecular Friedel−Crafts
66 cyclization gave the extended nickel porphyrin 2. Then,
67 amination with the Katritsky reagent12 gave 3 and thionation
68 with Lawesson’s reagent13 led to the desired nickel porphyrin 4
69 bearing one external coordination site and three aliphatic tails
s1 70 (see Scheme 1).
71 Nickel porphyrin 4 was then reacted with palladium(II) to
72 prepare the expected dimer. To our surprise, and contrary to
73 previous results, we observed the formation of two new
74 compounds with almost the same retention time on TLC (see
s2 75 Scheme 2). We could not separate them, but the 1H NMR of
76 the isolated mixture of the two compounds clearly indicated the
77 presence of the two square planar isomeric dimers 5 and 6 (cis
78 and trans coordination geometry around the linking palladium-
79 (II) ion). This was particularly visible for the aliphatic alkoxy
80 chains: some CH2 protons are found diastereotopic due to the
81 chirality of the cis isomer and the chemical shifts of several CH2
82 protons were unusually upfield due to the ring current effect of
83the other porphyrin in the dimer (chemical shift close to 0
84ppm)(see Figure 27). Both isomers were observed previously,
85but only for porphyrins bearing external enaminoaldehydes.8c
86Here, the steric hindrance of two Ar1 meso groups was not
87large enough to prevent the formation of the cis isomer 5, in
88contrast to the 3,5-t-Bu2-phenyl groups used previously.
8b
89However, by refluxing overnight a dichloroethane solution of
90the isolated mixture of the two isomers 5 and 6, the initial cis/
91trans mixture was cleanly converted to the single trans isomer 6
92 f1as shown by 1H NMR (see Figure 1).
93Reacting porphyrin 4 with an excess of Pd(acac)2 gave,
94although in rather moderate yield (40%), porphyrin 7 bearing a
95palladium acetylacetonate group on the external coordination
96site. During this reaction, the porphyrin dimers 5 and 6 was
97 s3also isolated as side product in 34% yield (see Scheme 3). Even
98with a large excess of Pd(II) and by adding the porphyrin
99solution dropwise to the Pd(II) solution, the external soft
100chelate of porphyrin 4 reacted rapidly with the soft Pd(II) ion
101to afford also dimers 5 and 6.
102Until now, we were unable to prepare a nickel porphyrin
103bearing two external coordination sites and two Ar1 meso
104groups. Therefore, we prepared dimers and trimers by using an
105unsymmetrical bis-functionalized nickel porphyrin monomer 8
106previously described.9b During the course of this work, we
107 f2obtained single crystals of 8 and the structure was solved (see
Scheme 1. Preparation of the Starting Porphyrins 2−4a
a(i) LiOH, dioxane/water (ii) (COCl)2, toluene (iii) SnCl4, toluene (iv) 4-amino-4H-1,2,4-triazole, NaOH, toluene/EtOH (v) Lawesson’s reagent,
toluene, 80 °C.
Scheme 2. Preparation of Porphyrin Dimers 5 and 6
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f2 108 Figure 2). The coordination geometry of the central nickel(II)
109 is almost square planar with Ni−N bond lengths around 1.91 Å.
110 These rather short metal−nitrogen bonds and the presence of
111 two additional fused aryl groups cause the distortion of the
112 porphyrin ring, which is highly ruffled. For the two external
113 coordination sites (N−O and N−S), intramolecular and
114 intermolecular hydrogen bonds were found between N−H
115 and CO (or CS).
116 By reacting 4, 8 and palladium(II), a complex mixture of
117 products was obtained, but most of them were isolated cleanly
s4 118 (see Scheme 4). As expected, the mixture of dimers 5 and 6 was
119 isolated once again, along with the heterodimer 9 bearing one
120 external coordination site and the symmetrical dimer 10, which
121 bears two external coordination sites.
122 Thionation of the external coordination site of 9 with
123 Lawesson’s reagent gave dimer 11, which bears now an external
s5 124 N−S coordination site (see Scheme 5).
125 By reacting 11 with 0.5 equiv of palladium(II), we expected
126 to obtain a porphyrin tetramer. The formation of oligomers was
127 indeed observed, but we were not able to separate the trimer 14
128 (vide infra) from the expected tetramer. The presence of both
129 compounds was easily demonstrated by MALDI mass
130 spectrometry, but was difficult to deduce from the 1H NMR
131spectrum alone, because almost all signals from the two
132compounds are superimposed due to very similar chemical
133environment. Despite the good stability of the palladium(II)
134linkage, this strategy was unsuccessful due to partial
135decoordination of the two porphyrins belonging to 11 and
136then reaction to afford simultaneously trimer 14 and a tetramer.
137Moreover, we noticed in a qualitative way that the amount of
138trimer 14 found in the mixture of oligomers increased with
139longer reaction times, indicating that 14 was probably one of
140the thermodynamic sinks of the reaction. Another synthetic
141strategy was then envisaged. The porphyrin dimer 10 was first
142treated with the Lawesson’s reagent to afford the new
143porphyrin dimer 12, now bearing two external enaminothio-
144 s6ketone coordination sites.
145Reaction of this dimer 12 with two equivalents of the
146functionalized porphyrin 7 gave again a mixture of products,
147namely trimer 14 and a tetramer together with recovered
148starting material. Single crystals of dimer 12 were obtained and
149its X-ray structure represents the first structure of a porphyrin
150dimer of this type. The porphyrins were extremely distorted
151due to the very short Ni−N bond lengths (1.90 Å or less) and
152 f3to the presence of additional aromatic rings fused to the
Figure 1. 1H NMR of the mixture of porphyrin dimers 5 and 6 (top
spectrum) and of dimer 6 after heating in dichloroethane (pyrrolic
region).
Scheme 3. Preparation of Porphyrin 7
Figure 2. X-ray structure of porphyrin 8. All hydrogen atoms (except
those involved in H-bonds) and the tert-butyl groups are omitted for
clarity.
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f3 153 porphyrin core (see Figure 3). The coordination geometry
154 around the linking palladium(II) is trans square planar and the
155 Pd−S and Pd−N lengths are close to 2.3 and 2 Å, respectively.
156 The three fused rings bearing the external coordination sites are
157 almost planar and the geometry around the palladium(II) ion
158 renders the two planes belonging to two different porphyrins
159 almost coplanar. However, within a given porphyrin, the angle
160 between the planes of the three fused rings are approximately
161 65°. In monomeric porphyrins, these angles are similar (see
162 Figure 2 for compound 8 or ref 9b for a related structure).
163 These angles being additive in dimer 12, the overall observed
164 distortion between the two external sites is close to 130°.
165 The presence of trimer 14 in all reactions incited us to try to
166 prepare it deliberately, because trimer 14 was always present in
167 all attempts. The reaction of porphyrin 7 with the previously
s7 168 described bis-functionalized porphyrin 13 gave cleanly trimer
169 s714 in 77% yield (see Scheme 7). No tetramer was detected in
170the MALDI mass spectrum and the very clean 1H NMR
171spectrum recorded at 50 °C confirmed this (see Figures 85 and
17286).
173The electronic spectra of the different porphyrins were
174recorded and confirmed earlier findings that by extending the
175length of the molecule bathochromic shifts were present. In
176 f4Figure 4 are shown the spectra of monomer 4, dimer 6, and
177trimer 14. It can be easily recognized that electronic
178delocalization, leading to bathochromic shifts, is again observed
179in these new compounds. Comparison of the electronic spectra
180of dimer 6 and trimer 14 shows that the spectrum of 14 is not
Scheme 4. Preparation of Porphyrin Dimers 6, 9, and 10
Scheme 5. Preparation of Porphyrin Dimer 11 by
Thionation of 9
Scheme 6. Preparation of Porphyrin Dimer 12 by
Thionation of 10
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181the simple addition of the spectra of dimer 6 (λmax = 730 nm)
182and porphyrin 13 (λmax = 772 nm). Strong interactions between
183the three subunits clearly add additional electron delocalization
184through the connecting metal ions’ d orbitals and lead to the
185observed bathochromic shift (λmax = 913 nm).
186These compounds were characterized by standard spectro-
187scopic techniques (NMR, mass, electronic spectra). To obtain
188additional information about the size and to show that dimers
189or the trimer were pure compounds and not a mixture of
190oligomeric species in solution, we used DOSY NMR techniques
191to determine the diffusion coefficients of the different isolated
192compounds.14 The molecular volume, closely related to the
193translational self-diffusion coefficient, was assumed to be similar
194to a sphere. Indeed, the values obtained for some compounds
195 t1(listed in Table 1) were in good agreement with the size
196estimated from previous X-ray data.7−9
197Our initial goal was to test the possibility of assembling these
198molecules on HOPG surfaces. Several compounds were tested
199at a solid/liquid interface consisting of HOPG and a 1-
200phenyloctane solution of the compound. Unfortunately, the
201trimeric compound 14 did not assemble neatly on the surface.
202However, monomer 4, and dimers 6 or 11 gave very nice
203 f5patterns, as shown in Figure 5. Bright spots represent the
204porphyrin core, whereas dark troughs are composed of
205dodecyloxy chains. Plausible molecular models are super-
206imposed on each STM image. The vacant spaces between the
207alkyl chains (Figure 5c, 5d and 5e) may be filled with the
208coadsorbed solvent molecules.15
209The crystallographic data from the STM images are listed in
210 t2Table 2. The nickel porphyrin monomer 4 and trans dimer 6
211were found in a centro-symmetric unit cell, as was the case for
212the trans dimer 11. For compounds 4 and 6, only two of the
213three tails per porphyrin were in van der Waals contact with the
214HOPG surface, and followed one of the HOPG lattice
215direction, implying that the third tail near the external
216coordination site is dangling in the solvent. The lattice
217constants of 6 were almost identical to those of 4 despite the
218presence of coordinating metal between the ligands in 6. In the
219case of 11, the porphyrin core was aligned in a manner similar
220to that of 4 and 6. All the alkyl chains are attached along the
221HOPG lattice direction. Thus, porphyrin building blocks with
222an external coordination site could be assembled into well-
223ordered two-dimensional structures on a solid substrate.
224■ CONCLUSION
225In conclusion, these preliminary experiments have shown that
226the assembly of metallo-porphyrins bearing external coordina-
227tion sites on surfaces like HOPG is indeed possible. Work is in
228progress to prepare porphyrins bearing two external coordina-
229tion sites and two aliphatic tails with different lengths. With
230these porphyrins it should then be possible to self-assemble
231them around metal ions directly on the surface to obtain finite
Figure 3. (a) Top: Two views of the X-ray structure of porphyrin
dimer 12. Five chlorobenzene solvent molecules, all hydrogen atoms
and the tert-butyl groups are omitted for clarity. (b) Bottom: View
showing the infinite dimer chains maintained together by intermo-
lecular hydrogen bonds between the external enaminothioketone sites
(chlorobenzene solvent molecules, meso-aryl groups and all hydrogen
atoms, except the NH, are omitted for clarity).
Scheme 7. Preparation of Porphyrin Trimer 14
Figure 4. Electronic absorption spectra of porphyrin 4 (in black),
dimer 6 (in blue), and trimer 14 (in red).
Table 1. NMR DOSY Data for Compounds 6, 7, 11, and 14
compound
self-diffusion
Coefficient
(μm2/s)
calculated
volume (as a
sphere) (nm3)
estimated dimensions (nm)
(l x w x h = volume)
6 296 10.7 5.4 × 3.0 × 0.7 = 11.3 nm3
7 384 4.9 2.6 × 3.0 × 0.7 = 5.5 nm3
11 336 7.3 3.6 × 3.0 × 0.8 = 8.6 nm3
13 253 17 7.0 × 3.0 × 0.9 = 18.9 nm3
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232 or infinite linear porphyrin tapes with electron delocalization
233 between all individual porphyrins.
234 ■ EXPERIMENTAL SECTION
235 General. 1H and 13C NMR spectra were recorded on Bruker
236 Avance 400, 500, or 600 MHz using CDCl3 as solvent. MALDI-TOF
237 mass spectra were obtained using dithranol as matrix with a Bruker
238 Autoflex II equipped with a 337 nm laser. UV−visible spectra were
239 recorded on a CARY 5000 UV−vis−NIR spectrometer. Dichloro-
240 methane was distilled from calcium hydride and toluene from sodium/
241 benzophenone ketyl. Chromatographic separations were performed
242 with Merck TLC silica gel 60 F254 and Kieselgel Si 60 (40−63 mm)
243 and gel permeation with Bio-Beads S-X1 from Bio-Rad. All MALDI
244 mass spectra of the porphyrin monomers, dimers, and trimers are
245 given in the Supporting Information. The mass spectral pattern for
246each compound is compared with the simulated spectrum. Measure-
247ment of self-diffusion coefficients were performed on a BRUKER 600
248MHz spectrometerAvance III, equipped with a Bruker BBI probe
249developing a pulsed field gradient of 5.1 G/cm/A. Diffusion NMR data
250were acquired at 298 K using a Stimulated Echo pulse sequence with
251smoothed square bipolar z gradients in 34 increments. The duration of
252half gradients were 1 ms and the diffusion time was optimized for each
253sample between 120 and 140 ms. A recycle delay of at least 4 s was
254respected between each scans. DOSY spectra were generated by the
255dedicated module of NMRNotebook software, using Inverse Laplace
256Transform (ILT) driven by maximum entropy.
257STM Measurements. Two-dimensional structures of porphyrins
258with an external coordination site were visualized by using low-current
259STM (Nanoscope IIIa: Digital Instruments, CA) at HOPG/1-
260phenyloctane interface. Pt/Ir wire (90/10) was mechanically cut for
261a STM tip. The compounds were dissolved in 1-phenyloctane at a
262concentration ranging from 0.75 to 1 mM, and the solution was
263deposited on HOPG (ZYB grade, NT-MDT, Russia). The
264reproducibility of the STM images was checked by using different
265tips and samples. All STM images were obtained in the constant
266current mode, and analyzed with the SPIP software (Image Metrology,
267Denmark). The STM images were corrected by a HOPG lattice under
268the physisorbed monolayer.
269Synthesis. The starting benzaldehyde derivatives (4-dodecylox-
270ybenzaldehyde and 2-carbomethoxybenzaldehyde) were prepared
271using published procedures.16,17 The nickel meso-tetraaryl porphyrin
2721 with three dodecyloxy-phenyl and one phenyl-ester was obtained in
2735 to 6% yield (overall yield for porphyrin synthesis followed by
274metalation with Ni(acac)2) by using a procedure described previously
275for other benzaldehydes.8b The nickel porphyrins 8 and 12 with two
276external coordination sites were available.9b
277Porphyrin 2. A solution of lithium hydroxide (150 mg, 3.6 mmol)
278and nickel porphyrin 1 (150 mg, 0.12 mmol) in dioxane/water (100
279mL/5 mL) was refluxed under argon for 2 days. After evaporation of
280the solvents, the residue was filtered through a short silica gel column
281(eluent dichloromethane with 0.5% acetic acid). After evaporation and
282drying, the solid residue was taken up in toluene (100 mL), an excess
283of oxalyl chloride (5 mL) added, and after 1 h of stirring, the solution
284was heated up and the unreacted excess oxalyl chloride eliminated by
285distillation. After the mixture was cooled to RT, tin(IV) tetrachloride
286(1 mL) was added. After 0.5 h of stirring, dichloromethane (150 mL)
287was added and the reaction was quenched with an aqueous sodium
288hydroxide solution (5%). The organic phase was washed several times
289with water and dried over sodium sulfate. After evaporation of the
290solvents, the desired compound 2 was obtained in 87% yield by
291precipitation from dichloromethane/methanol (127 mg, 0.102 mmol).
292
1H NMR (CDCl3, 25 °C, 400 MHz): δH 9.19 (d, 1H, J = 5 Hz, Hpyrr),
2939.17 (s, 1H, Hpyrr), 8.67 (d, 1H, J = 5 Hz, Hpyrr), 8.52 (d, 1H, J = 5 Hz,
294Hpyrr), 8.49 (d, 1H, J = 5 Hz, Hpyrr), 8.45 (dd, 1H, J = 7.6 and 1.5 Hz,
295HPhcycl), 8.41 (d, 1H, J = 5 Hz, Hpyrr), 8.38 (d, 1H, J = 5 Hz, Hpyrr),
2967.94 (dd, 1H, J = 7.6 and 1.5 Hz, HPhcycl), 7.77−7.81 (m, 6H, Ho‑Ar),
2977.68 (ddd, 1H, J = 7.6 Hz, 7.6 and 1.5 Hz, HPhcycl), 7.44 (ddd, 1H, J =
2987.6 Hz, 7.6 and 1.5 Hz, HPhcycl), 7.15−7.19 (m, 6H, Hm‑Ar), 4.18 (m,
2996H, O−CH2), 1.92 (m, 6H, CH2), 1.57 (m, 6H, CH2), 1.26−1.48 (m,
30048H, CH2), 0.88−0.92 (m, 9H, CH3). 13C NMR (125 MHz, CDCl3,
30125 °C): δC 182.6, 159.4, 159.2, 159.1, 145.6, 145.1, 144.1, 143.6, 143.2,
302141.1, 140.7, 139.6, 139.4, 135.5, 135.3, 134.6, 134.4, 134.3, 134.2,
303133.7, 133.6, 132.9, 132.6, 132.5, 131.8, 131.7, 131.1, 127.4, 125.4,
304121.5, 118.6, 113.3, 113.2, 108.6, 68.34, 68.31, 68.28, 31.97, 31.96,
30529.75, 29.74, 29.73, 29.71, 29.70, 29.69, 29.68, 29.67, 29.53, 29.51,
30629.44, 29.43, 29.42, 29.40, 26.21, 26.20, 22.74, 14.18. UV−vis
307(CH2Cl2): λmax (ε) = 466 (108000), 650 (15000), 690 nm (9500sh
308M−1·cm−1). Elem. Anal. Calcd for C81H98N4NiO4·H2O: C 76.7, H
3097.95, N 4.42. Found: C 76.34, H 8.16, N 4.27.
310Porphyrin 3. A solution of sodium hydroxide (900 mg, 22.5 mmol),
3114-amino-4H-1,2,4-triazole (180 mg, 2.1 mmol), and nickel porphyrin 2
312(223 mg, 0.178 mmol) in toluene/ethanol (120 mL/12 mL) was
313refluxed under argon for 1 h. After the mixture was cooled, the
314reaction medium is washed with water (600 mL). The organic phase is
315dried and the solvents evaporated. The solid residue was purified by
Figure 5. STM images of compounds 4 (a, b), dimer 6 (c, d), and
dimer 11 (e, f) at the HOPG/1-phenyloctane interface. One of the
three dodecyloxy chains was omitted in the molecular models in (b)
and (d) because it was not attached on the HOPG surface. A set of
arrows indicates the underlying HOPG lattice direction. Tunneling
conditions: (a) I = 2.0 pA, V = −1118 mV; (b) I = 1.0 pA, V = −1210
mV; (c) I = 1.1 pA, V = −1027 mV; (d) I = 1.5 pA, V = −1000 mV;
(e) I = 1.0 pA, V = −1088 mV; (f) I = 1.0 pA, V = −992 mV.
Table 2. Unit Cell Parameters Measured from STM Images
compound a (nm) b (nm) γ (deg)
4 1.73 ± 0.13 3.57 ± 0.16 81 ± 4
6 1.79 ± 0.22 3.65 ± 0.20 83 ± 3
11 1.85 ± 0.18 3.72 ± 0.18 84 ± 5
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316 column chromatography (silica gel, dichloromethane/cyclohexane, 1/
317 1) and the nickel porphyrin 3 isolated in 92% yield after
318 recrystallization from dichloromethane and methanol (210 mg, 0.166
319 mmol). 1H NMR (CDCl3, 25 °C, 400 MHz): δH 9.15 (d, 1H, J = 5 Hz,
320 Hpyrr), 8.71 (d, 1H, J = 5 Hz, Hpyrr), 8.6 (very broad, NH), 8.54 (dd,
321 1H, J = 8 and 1.2 Hz, HPhcycl), 8.48 (d, 1H, J = 5 Hz, Hpyrr), 8.41 (d,
322 1H, J = 5 Hz, Hpyrr), 8.32 (d, 1H, J = 5 Hz, Hpyrr), 8.30 (d, 1H, J = 5
323 Hz, Hpyrr), 8.11 (dd, 1H, J = 8 and 1.2 Hz, HPhcycl), 7.81 (d, 2H, J = 8
324 Hz, Ho‑Ar), 7.78 (d, 2H, J = 8 Hz, Ho‑Ar), 7.72 (ddd, 1H, J = 8 Hz, 8
325 and 1.2 Hz, HPhcycl), 7.69 (d, 2H, J = 8 Hz, Ho‑Ar), 7.50 (ddd, 1H, J = 8
326 Hz, 8 and 1.2 Hz, HPhcycl), 7.25 (d, 2H, J = 8 Hz, Hm‑Ar), 7.16 (d, 2H, J
327 = 8 Hz, Hm‑Ar), 7.15 (d, 2H, J = 8 Hz, Hm‑Ar), 5.45 (very broad, NH),
328 4.18 (m, 6H, O−CH2), 1.90−1.96 (m, 6H, CH2), 1.56−1.60 (m, 6H,
329 CH2), 1.26−1.47 (m, 48H, CH2), 0.88−0.92 (m, 9H, CH3). 13C NMR
330 (125 MHz, CDCl3, 25 °C): δC 180.9, 160.2, 159.9, 159.1, 159.0, 144.5,
331 143.9, 142.4, 141.5, 141.4, 141.1, 140.7, 139.3, 134.5, 134.2, 133.4,
332 132.4, 132.0, 131.9, 131.6, 129.3, 123.4, 119.5, 119.3, 115.0, 113.2,
333 113.1, 112.0, 102.6, 68.4, 68.28, 63.26, 31.97, 31.96, 29.74, 29.73,
334 29.70, 29.69, 29.67, 29.52, 29.51, 29.45, 29.43, 29.41, 29.40, 29.37,
335 26.21, 26.20, 26.19, 22.7, 14.2. UV−vis (CH2Cl2): λmax (ε) = 464
336 (65000), 598 (7900), 650 nm (13600 M−1·cm−1).
337 Porphyrin 4. A solution of nickel porphyrin 3 (200 mg, 0.158
338 mmol) and Lawesson’s reagent (100 mg, 1.75 mmol) in benzene (100
339 mL) was refluxed under argon for 2 h. After evaporation of the solvent,
340 the solid residue is purified by column chromatography (silica gel,
341 dichloromethane/cyclohexane, 1/1). The desired compound 4 is
342 isolated in 95% yield after recrystallization from dichloromethane and
343 methanol (192 mg, 0.15 mmol). 1H NMR (CDCl3, 25 °C, 400 MHz):
344 δH 12.27 (d, J = 4.8 Hz, NH), 9.09 (dd, 1H, J = 8 and 1.2 Hz, HPhcycl),
345 9.08 (d, 1H, J = 5 Hz, Hpyrr), 8.66 (d, 1H, J = 5 Hz, Hpyrr), 8.42 (d, 1H,
346 J = 5 Hz, Hpyrr), 8.36 (d, 1H, J = 5 Hz, Hpyrr), 8.26 (d, 1H, J = 5 Hz,
347 Hpyrr), 8.23 (d, 1H, J = 5 Hz, Hpyrr), 8.07 (dd, 1H, J = 8 and 1.2 Hz,
348 HPhcycl), 7.66−7.80 (broad, 6H, Ho‑Ar), 7.70 (ddd, 1H, J = 8 Hz, 8 and
349 1.2 Hz, HPhcycl), 7.50 (ddd, 1H, J = 8 Hz, 8 and 1.2 Hz, HPhcycl), 7.25
350 (d, 2H, J = 8 Hz, Hm‑Ar), 7.16 (d, 2H, J = 8 Hz, Hm‑Ar), 7.13 (d, 2H, J =
351 8 Hz, Hm‑Ar), 6.28 (d, J = 4.8 Hz, NH), 4.17 (m, 6H, O−CH2), 1.90−
352 1.96 (m, 6H, CH2), 1.56−1.60 (m, 6H, CH2), 1.26−1.47 (m, 48H,
353 CH2), 0.88−0.92 (m, 9H, CH3). 13C NMR (125 MHz, CDCl3, 25
354 °C): δC 193.5, 164.1, 160.0, 159.2, 159.1, 144.4, 144.3, 142.9, 141.7,
355 141.2, 140.4, 138.9, 136.7, 134.8, 134.6, 134.4, 134.1, 132.2, 131.9,
356 131.8, 131.7, 131.6, 130.8, 130.7, 130.3, 130.0, 129.2, 128.9, 125.9,
357 124.0, 122.7, 120.7, 118.8, 115.4, 113.2, 113.1, 103.8, 68.4, 68.3, 68.2,
358 32.0, 31.9, 29.75, 29.73, 29.71, 29.69, 29.68, 29.67, 29.53, 29.51, 29.45,
359 29.43, 29.41, 29.40, 29.36, 26.21, 26.20, 22.74, 22.73, 14.2. UV−vis
360 (CH2Cl2): λmax (ε) = 426 (62500), 496 (89000), 688 nm (22900 M
−1·
361 cm−1). Elem. Anal. Calcd for C81H99N5NiO3S: C 75.92, H 7.79, N
362 5.47. Found: C 75.69, H 7.92, N 5.30.
363 Porphyrin Dimer 6. A solution of porphyrin 4 (60 mg, 46.8 μmol)
364 and Pd(acac)2 (7 mg, 23 μmol) in 1,2-dichloroethane was heated at 80
365 °C under argon for 2 h. After the mixture was cooled and the solvent
366 was evaporated, the solid residue was purified by column
367 chromatography (cyclohexane/dichloromethane, 7/3). The 1H NMR
368 spectrum revealed the presence of two dimeric compounds (5 + 6).
369 This mixture of isomers was isolated in “80% yield”. A solution of this
370 mixture (40 mg) in dichloroethane (30 mL) was then refluxed
371 overnight under argon. After the mixture was cooled and the solvent
372 was evaporated, the solid residue was recrystallized from hexane and
373 methanol. Compound 6 (35 mg) was obtained in 88% yield from the
374 mixture of isomers. 1H NMR (CDCl3, 50 °C, 400 MHz): δH 9.21 (d,
375 2H, J = 8 Hz, HPhcycl), 8.98 (d, 2H, J = 5 Hz, Hpyrr), 8.60 (d, 2H, J = 5
376 Hz, Hpyrr), 8.44 (s, 2H, NH), 8.30 (d, 2H, J = 8 Hz, HPhcycl), 8.30 (d,
377 2H, J = 5 Hz, Hpyrr), 8.28 (d, 2H, J = 5 Hz, Hpyrr), 8.16 (d, 2H, J = 5
378 Hz, Hpyrr), 8.05 (d, 2H, J = 5 Hz, Hpyrr), 7.81 (d, 4H, J = 8 Hz, Ho‑Ar),
379 7.81 (dd, 2H, J = 8 and 8 Hz, HPhcycl), 7.76 (d, 4H, J = 8 Hz, Ho‑Ar),
380 7.75 (d, 4H, J = 8 Hz, Ho‑Ar), 7.73 (dd, 2H, J = 8 and 8 Hz, HPhcycl),
381 7.51 (d, 4H, J = 8 Hz, Hm‑Ar), 7.17 (d, 4H, J = 8 Hz, Hm‑Ar), 7.13 (d,
382 4H, J = 8 Hz, Hm‑Ar), 4.29 (t, 4H, J = 6.8 Hz, O−CH2), 4.16 (m, 8H,
383 O−CH2), 1.90−1.98 (m, 12H, CH2), 1.21−1.60 (m, 108H, CH2),
384 0.87−0.91 (m, 12H, CH3), 0.83 (t, 6H, J = 7 Hz, CH3). 13C NMR
385 (125 MHz, CDCl3, 25 °C): δC 166.0, 160.7, 159.1, 155.6, 146.8, 143.6,
386143.3, 141.6, 140.0, 139.4, 138.8, 134.5, 134.2, 134.1, 133.9, 133.2,
387132.3, 132.1, 131.9, 131.8, 130.9, 130.3, 129.7, 129.5, 129.0, 128.7,
388128.6, 126.2, 125.4, 124.5, 124.41, 124.4, 122.7, 116.0, 114.6, 113.25,
389113.16, 102.4, 68.6, 68.3, 68.2, 32.0, 31.9, 29.73, 29.72, 29.69, 29.68,
39029.66, 29.64, 29.61, 29.52, 29.51, 29.45, 29.44, 29.41, 29.39, 29.39,
39129.34, 26.21, 26.19, 26.1, 22.72, 22.66, 14.15, 14.11. UV−vis
392(CH2Cl2): λmax (ε) = 350 (48000sh), 401 (92100), 450 (110000),
393480 (87000), 520 (145000), 658 (35000), 690 (31000), 730 nm
394(32000 M−1·cm−1).
395Porphyrin 7. A solution of porphyrin 4 (50 mg, 39 μmol) in 1,2-
396dichloroethane (100 mL) was added dropwise to a solution of
397Pd(acac)2 (238 mg, 720 μmol, 20 equiv) at 60 °C in 1,2-
398dichloroethane (200 mL) under argon over a period of 3 h. After
399the mixture was cooled and the solvent was evaporated, two
400compounds were isolated after column chromatography (silica gel,
401cyclohexane/dichloromethane, 7/3). Dimer 6 (18 mg, 34%) and
402porphyrin 7 (23 mg, 40%) were obtained pure after crystallization
403from hexane, dichloromethane and methanol. 1H NMR (CDCl3, 50
404°C, 400 MHz): δH 9.17 (d, 1H, J = 8 Hz, HPhcycl), 9.00 (d, 1H, J = 5
405Hz, Hpyrr), 8.62 (d, 1H, J = 5 Hz, Hpyrr), 8.32 (d, 1H, J = 8 Hz, HPhcycl),
4068.31 (d, 1H, J = 5 Hz, Hpyrr), 8.29 (d, 1H, J = 5 Hz, Hpyrr), 8.17 (d, 1H,
407J = 5 Hz, Hpyrr), 8.04 (d, 1H, J = 5 Hz, Hpyrr), 8.04 (s, 1H, NH), 7.80
408(d, 2H, J = 8 Hz, Ho‑Ar), 7.79 (dd, 1H, J = 8 and 8 Hz, HPhcycl), 7.75 (d,
4092H, J = 8 Hz, Ho‑Ar), 7.66 (d, 2H, J = 8 Hz, Ho‑Ar), 7.58 (dd, 1H, J = 8
410and 8 Hz, HPhcycl), 7.25 (d, 2H, J = 8 Hz, Hm‑Ar), 7.17 (d, 2H, J = 8 Hz,
411Hm‑Ar), 7.13 (d, 2H, J = 8 Hz, Hm‑Ar), 5.41 (s, 1H, Hacac), 4.15 (m, 6H,
412O−CH2), 2.09 (s, 3H, Meacac), 2.07 (s, 3H, Meacac), 1.88−1.95 (m, 6H,
413CH2), 1.55−1.60 (m, 6H, CH2), 1.26−1.47 (m, 48H, CH2), 0.88−
4140.91 (m, 9H, CH3).
13C NMR (125 MHz, CDCl3, 25 °C): δC 186.5,
415186.4, 164.5, 160.0, 159.2, 153.7, 146.5, 143.7, 143.3, 141.6, 140.0,
416138.95, 138.9, 134.8, 134.4, 134.2, 133.9, 133.4, 133.0, 132.7, 132.2,
417131.8, 131.4, 130.9, 130.6, 129.9, 129.2, 129.1, 128.7, 128.5, 125.6,
418124.6, 122.9, 115.5, 114.6, 113.3, 113.2, 102.4, 100.3, 68.29, 68.25,
41968.1, 32.0, 29.72, 29.71, 29.70, 29.68, 29.66, 29.65, 29.53, 29.50, 29.49,
42029.43, 29.42, 29.38, 26.9, 26.5, 26.3, 26.19, 26.18, 26.18, 22.7, 14.1.
421UV−vis (CH2Cl2): λmax (rel. Abs.) = 356 (sh, 0.4), 390 (sh, 0.53), 410
422(sh, 0.59), 434 (1), 467 (0.69), 497 (0.82), 648 (0.20), 672 (0.23),
423704 nm (0.33).
424Porphyrin Dimer 9. A solution of porphyrin 4 (70 mg, 55 μmol),
425porphyrin 8 (54 mg, 55 μmol), and Pd(acac)2 (16.6 mg, 55 μmol) in
4261,2-dichloroethane was heated at 80 °C under argon for 2 h. After the
427mixture was cooled and the solvent was evaporated, the complex
428mixture was purified by column chromatography (silica gel, cyclo-
429hexane/dichloromethane/toluene, 45/45/10). Several dimers were
430isolated after crystallization from hexane, dichloromethane and
431methanol: the mixture of dimers 5 and 6 (30 mg), dimer 9 (60 mg,
43245%) and dimer 10 (22 mg, 19%). P Porphyrin 9: 1H NMR (CDCl3,
43325 °C, 500 MHz): δH 9.27 (dd, 1H, J = 8 and 1.5 Hz, HPhcycl), 9.25 (d,
4341H, J = 5 Hz, Hpyrr), 9.16 (d, 1H, J = 5 Hz, Hpyrr), 9.15 (dd, 1H, J = 8
435and 1.5 Hz, HPhcycl), 9.01 (d, 1H, J = 5 Hz, Hpyrr), 8.63 (d, 1H, J = 5
436Hz, Hpyrr), 8.53 (dd, 1H, J = 8 and 1.5 Hz, HPhcycl), 8.44 (s, 1H, NH),
4378.33 (dd, 1H, J = 8 and 1.5 Hz, HPhcycl), 8.30 (d, 1H, J = 5 Hz, Hpyrr),
4388.28 (d, 1H, J = 5 Hz, Hpyrr), 8.25 (dd, 1H, J = 8 and 1.5 Hz, HPhcycl),
4398.22 (t, 1H, J = 1.5 Hz, HAr‑para), 8.16 (d, 1H, J = 5 Hz, Hpyrr), 8.12
440(dd, 1H, J = 8 and 1.5 Hz, HPhcycl), 8.08 (d, 1H, J = 5 Hz, Hpyrr), 8.02
441(d, 1H, J = 5 Hz, Hpyrr), 7.67−7.89 (m, 4HAr‑ortho + 1Hpyrr + 5HPhcycl +
4426Ho‑Ar), 7.57 (dd, 1H, J = 8 and 8 Hz, HPhcycl), 7.51 (d, 2H, J = 8 Hz,
443Hm‑Ar), 7.17 (d, 2H, J = 8 Hz, Hm‑Ar), 7.13 (d, 2H, J = 8 Hz, Hm‑Ar),
4444.29 (t, 2H, J = 7 Hz, O−CH2), 4.16 (t, 2H, J = 7 Hz, O−CH2), 4.14
445(t, 2H, J = 7 Hz, O−CH2), 1.89−1.99 (m, 6H, CH2), 1.28−1.57 (m,
44636H, HtBu + 54H, −CH2), 0.89−0.91 (m, 6H, −CH3), 0.85 (t, 3H, J =
4477 Hz, −CH3). 13C NMR (125 MHz, CDCl3, 25 °C): δC 180.6, 166.0,
448165.5, 163.0, 160.8, 159.2, 159.1, 158.0, 157.0, 155.7, 152.4, 152.0,
449146.9, 143.7, 143.3, 141.7, 141.5, 141.2, 141.0, 140.0, 139.6, 139.4,
450138.9, 138.4, 137.6, 136.0, 135.7, 134.8, 134.7, 134.5, 134.2, 134.1,
451133.9, 133.7, 133.5, 133.2, 132.7, 132.2, 132.1, 131.9, 131.8, 131.6,
452130.9, 130.5, 129.9, 129.8, 129.3, 129.2, 128.8, 128.7, 128.6, 127.3,
453127.2, 126.8, 126.2, 125.0, 124.6, 122.8, 122.7, 122.6, 120.1, 116.1,
454114.7, 113.3, 113.2, 111.4, 106.6, 103.1, 102.2, 96.1, 68.7, 68.3, 68.2,
45553.4, 50.9, 35.4, 35.2, 31.95, 31.93, 31.7, 31.5, 29.75, 29.72, 29.69,
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456 29.66, 29.57, 29.50, 29.43, 29.39, 26.2, 26.19, 26.1, 22.72, 22.69, 14.15,
457 14.13. UV−vis (CH2Cl2): λmax (ε) = 405 (80000), 445 (87000), 478
458 (89700), 503 (84000), 575 (105000), 646 (38000), 682 (32000), 728
459 (29000), 799 nm (13700 M−1·cm−1).
460 Porphyrin Dimer 10. 1H NMR (CDCl3, 25 °C, 400 MHz): δH 9.24
461 (dd, 2H, J = 8 and 1 Hz, HPhcycl), 9.23 (d, 2H, J = 5 Hz, Hpyrr), 9.19 (d,
462 2H, J = 5 Hz, Hpyrr), 8.53 (dd, 2H, J = 8 and 1 Hz, HPhcycl), 8.28 (dd,
463 2H, J = 8 and 1 Hz, HPhcycl), 8.22 (t, 2H, J = 1.8 Hz, Hpara), 8.14 (dd,
464 2H, J = 8 and 1 Hz, HPhcycl), 8.12 (s, 2H, NH), 8.09 (d, 2H, J = 4.8 Hz,
465 Hpyrr), 7.87 (ddd, 2H, J = 8 Hz, 8 and 1 Hz, HPhcycl), 7.87 (d, 2H, J =
466 4.8 Hz, Hpyrr), 7.79 (ddd, 2H, J = 8 Hz, 8 and 1 Hz, HPhcycl), 7.74 (t,
467 2H, J = 1.8 Hz, Hpara), 7.72 (ddd, 2H, J = 8 Hz, 8 and 1 Hz, HPhcycl),
468 7.56 (ddd, 2H, J = 8 Hz, 8 and 1 Hz, HPhcycl),, 1.54 (s, 18H, HtBu), 1.41
469 (s, 18H, HtBu).
13C NMR (125 MHz, CDCl3, 25 °C): extremely low
470 solubility (only C−H and CH3 were observed) δC 134.4, 134.1, 133.2,
471 133.0, 131.3, 129.4, 129.2, 128.5, 128.4, 126.8, 126.7, 125.2, 122.3,
472 122.2, 31.2, 31.0. UV−vis (CH2Cl2): λmax (rel. abs.) = 360 (0.36), 412
473 (0.46), 482 (0.54), 550 (0.47sh), 590 (1), 638 (0.35), 690 (0.19), 720
474 (0.17), 798 nm (0.16).
475 Porphyrin Dimer 11. A solution of porphyrin dimer 9 (50 mg, 21
476 μmol) and Lawesson’s reagent (48 mg, 0.12 mmol) in freshly distilled
477 toluene (150 mL) was heated at 80 °C under argon for 1 h. After it
478 was cooled, the mixture was purified by column chromatography
479 (silica gel, cyclohexane/dichloromethane, 8/2) and porphyrin dimer
480 11 (28 mg, 56%) was isolated together with recovered starting material
481 9 (8 mg, 16%) and different monomeric porphyrins. 1H NMR
482 (CDCl3, 25 °C, 500 MHz): δH 11.48 (d, 1H, J = 5 Hz, NH), 9.24 (dd,
483 1H, J = 8 and 1.5 Hz, HPhcycl), 9.17 (d, 1H, J = 5 Hz, Hpyrr), 9.14 (dd,
484 1H, J = 8 and 1.5 Hz, HPhcycl), 9.13 (d, 1H, J = 5 Hz, Hpyrr), 9.06 (dd,
485 1H, J = 8 and 1.5 Hz, HPhcycl), 8.99 (d, 1H, J = 5 Hz, Hpyrr), 8.61 (d,
486 1H, J = 5 Hz, Hpyrr), 8.41 (s, 1H, NH), 8.31 (d, 1H, J = 8 Hz, HPhcycl),
487 8.26 (d, 1H, J = 5 Hz, Hpyrr), 8.25 (d, 1H, J = 5 Hz, Hpyrr), 8.24 (d, 1H,
488 J = 8 Hz, HPhcycl), 8.21 (t, 1H, J = 1.5 Hz, HAr‑para), 8.13 (d, 1H, J = 5
489 Hz, Hpyrr), 8.09 (d, 1H, J = 8 Hz, HPhcycl), 8.08 (s, 1H, NH), 8.03 (d,
490 1H, J = 5 Hz, Hpyrr), 7.99 (d, 1H, J = 5 Hz, Hpyrr), 7.85 (d, 1H, J = 5
491 Hz, Hpyrr), 8.04 (s, 1H, NH), 7.67−7.88 (m, 4HAr‑ortho + 1HAr‑para +
492 5HPhcycl + 6Ho‑Ar), 7.55 (ddd, 1H, J = 8 Hz, 8 and 1.5 Hz, HPhcycl), 7.49
493 (d, 2H, J = 8 Hz, Hm‑Ar), 7.15 (d, 2H, J = 8 Hz, Hm‑Ar), 7.11 (d, 2H, J =
494 8 Hz, Hm‑Ar), 5.77 (d, 1H, J = 5 Hz, NH), 4.27 (t, 3H, J = 6.5 Hz, O−
495 CH2), 4.15 (t, 3H, J = 6.5 Hz, O−CH2), 4.12 (t, 3H, J = 6.5 Hz, O−
496 CH2), 1.87−1.96 (m, 6H, CH2), 1.24−1.60 (m, 36H, HtBu + 54H,
497 −CH2), 0.85−0.89 (m, 6H, CH3), 0.83 (t, 3H, J = 7.5 Hz, 3H, CH3).
498
13C NMR (125 MHz, CDCl3, 25 °C): δC 194.6, 166.0, 165.2, 161.9,
499 160.8, 159.2, 159.1, 157.1, 155.6, 152.4, 146.9, 144.1, 143.7, 143.3,
500 141.7, 140.8, 140.2, 140.0, 139.9, 139.4, 139.2, 138.9, 137.8, 137.1,
501 135.8, 135.6, 134.8, 134.7, 134.5, 134.3, 134.2, 134.0, 133.9, 133.9,
502 133.7, 133.3, 133.2, 133.0, 132.8, 132.2, 132.1, 131.9, 131.8, 131.7,
503 130.9, 130.7, 130.5, 130.4, 129.8, 129.4, 129.2, 128.8, 128.7, 128.5,
504 127.4, 127.1, 126.9, 126.4, 126.2, 126.1, 124.9, 124.8, 124.7, 122.9,
505 122.8, 122.8, 122.6, 120.6, 116.1, 114.7, 113.3, 113.2, 107.5, 103.9,
506 102.1, 68.7, 68.3, 68.2, 35.4, 35.3, 31.95, 31.93, 31.7, 31.5, 29.75, 29.72,
507 29.71, 29.70, 29.69, 29.67, 29.66, 29.65, 29.57, 29.51, 29.50, 29.43,
508 29.39, 26.20, 26.19, 26.09, 22.72, 22.69, 14.15, 14.13. UV−vis
509 (CH2Cl2): λmax (ε) = 365 (67000), 403 (79000sh), 425 (90000sh),
510 443 (104000), 483 (81000), 509 (105000), 607 (98700), 658
511 (50200), 727 (36600), 840 nm (14400 M−1·cm−1).
512 Porphyrin Dimer 12. A solution of porphyrin dimer 10 (110 mg, 53
513 μmol) and Lawesson’s reagent (200 mg, 0.5 mmol) in freshly distilled
514 toluene (100 mL) was refluxed under argon for 1 h. After it was
515 cooled, the mixture was passed through a short alumina column to
516 eliminate the precipitated Lawesson reagent. After evaporation of the
517 solvent, porphyrin dimer 12 (102 mg, 91%) was isolated by
518 crystallization from n-hexane, dichloromethane and methanol. 1H
519 NMR (CDCl3, 25 °C, 500 MHz): δH 11.50 (d, 2H, J = 5 Hz, NH),
520 9.25 (dd, 2H, J = 8 and 1.5 Hz, HPhcycl), 9.22 (d, 2H, J = 5 Hz, Hpyrr),
521 9.19 (d, 2H, J = 5 Hz, Hpyrr), 9.09 (dd, 2H, J = 8 and 1.5 Hz, HPhcycl),
522 8.32 (dd, 2H, J = 8.0 and 1.5 Hz, HPhcycl), 8.24 (t, 2H, J = 1.8 Hz,
523 Hpara), 8.12 (s, 2H, NH), 8.11 (dd, 2H, J = 8.0 and 1.5 Hz, HPhcycl),
524 8.08 (d, 2H, J = 5 Hz, Hpyrr), 7.90 (d, 2H, J = 4.7 Hz, Hpyrr), 7.91 (ddd,
525 2H, J = 8 Hz, 7 and 1.5 Hz, HPhcycl), 7.83 (ddd, 2H, J = 8 Hz, 7 and 1.5
526Hz, HPhcycl), 7.78 (t, 2H, J = 1.8 Hz, Hpara), 7.72 (ddd, 2H, J = 8 Hz, 7
527and 1.5 Hz, HPhcycl), 7.58 (ddd, 2H, J = 8 Hz, 7 and 1.5 Hz, HPhcycl),
5285.81 (d, 2H, J = 5 Hz, NH), 1.55 (s, 18H, tBu), 1.44 (s, 18H, tBu). 13C
529NMR (CDCl3, 25 °C, 125 MHz): δC 194.6, 165.1, 161.9, 157.0, 152.4,
530144.0, 140.6, 140.2, 139.9, 139.2, 137.8, 137.1, 135.8, 135.6, 134.9,
531134.2, 133.9, 133.8, 133.1, 132.4, 132.2, 130.7, 129.5, 128.5, 127.4,
532126.1, 126.1, 122.5, 120.5, 107.5, 103.8, 35.4, 35.3, 31.7, 31.5. UV−vis
533(CH2Cl2): λmax (rel. Abs.) = 341 (0.48), 362 (0.51), 429 (0.64), 463
534(0.49), 506 (0.51), 619 (1), 659 (0.49), 718 (0.32), 765 (0.25sh), 841
535nm (0.25).
536Porphyrin Trimer 14. A solution of porphyrin 7 (10 mg, 7 μmol)
537and porphyrin 13 (3.5 mg, 3.5 μmol) in 1,2-dichloroethane (20 mL)
538was heated at 60 °C under argon for 1 h. After the mixture was cooled
539and the solvent was evaporated, the trimeric compound 14 was
540purified by gel permeation chromatography (biobeads S-X1, dichloro-
541methane) and isolated in 77% yield (10 mg, 2.6 μmol). 1H NMR
542(CDCl3, 50 °C, 400 MHz): δH 9.28 (d, 2H, J = 8 Hz, HPhcycl), 9.23 (s,
5432H, Hpyrr), 9.20 (d, 2H, J = 8 Hz, HPhcycl), 9.02 (d, 2H, J = 5 Hz, Hpyrr),
5448.62 (d, 2H, J = 5 Hz, Hpyrr), 8.47 (s, 2H, NH), 8.35 (d, 2H, J = 8 Hz,
545HPhcycl), 8.34 (d, 2H, J = 8 Hz, HPhcycl), 8.30 (d, 2H, J = 5 Hz, Hpyrr),
5468.28 (d, 2H, J = 5 Hz, Hpyrr), 8.24 (t, 2H, J = 1.5 Hz, HAr‑para), 8.17 (d,
5472H, J = 5 Hz, Hpyrr), 8.03 (s, 2H, NH), 8.02 (d, 2H, J = 5 Hz, Hpyrr),
5487.88 (s, 2H, Hpyrr), 7.74−7.88 (m, 8HPhcycl + 8HAr‑ortho + 12Ho‑Ar), 7.52
549(d, 4H, J = 8 Hz, Hm‑Ar), 7.18 (d, 4H, J = 8 Hz, Hm‑Ar), 7.14 (d, 4H, J =
5508 Hz, Hm‑Ar), 4.32 (t, 4H, J = 7 Hz, O−CH2), 4.17 (m, 8H, O−CH2),
5511.90−2.01 (m, 12H, CH2), 1.27−1.57 (m, 36HtBu + 108HCH2), 0.89−
5520.92 (m, 12H, CH3), 0.86 (t, 6H, CH3).
13C NMR (125 MHz, CDCl3,
55325 °C): δC 166.0, 164.6, 160.8, 159.2, 159.1, 156.4, 155.8, 152.2, 146.9,
554143.7, 143.3, 141.7, 140.0, 139.44, 139.38, 138.9, 137.6, 135.8, 134.7,
555134.5, 134.2, 134.1, 133.9, 133.7, 133.2, 133.1, 132.1, 132.0, 131.8,
556131.4, 130.9, 130.5, 129.8, 129.2, 128.8, 128.7, 127.5, 126.6, 126.4,
557126.2, 125.0, 124.6, 122.8, 121.3, 116.1, 114.6, 113.3, 113.2, 105.2,
558102.2, 68.7, 68.29, 68.26, 35.4, 31.9, 31.7, 29.8, 29.7, 29.71, 29.70,
55929.68, 29.66, 29.58, 29.51, 29.44, 29.39, 26.2, 26.1, 22.72, 22.70, 14.1.
560UV−vis (CH2Cl2): λmax (ε) = 405 (117000), 456 (144000), 480
561(133000sh), 514 (158600), 620 (99200), 680 (78000), 730 (61000),
562812 (9700), 426 (62500), 913 nm (21000 M−1·cm−1).
563X-ray Crystallography. Crystal Data 8. X-ray diffraction data
564collection was carried out on a Bruker APEX II DUO Kappa-CCD
565diffractometer equipped with an Oxford Cryosystem liquid N2 device,
566using Cu−Kα radiation (λ = 1.54178 Å). The crystal-detector distance
567was 40 mm. The cell parameters were determined (APEX2 software)18
568from reflections taken from tree sets of 20 frames, each at 10 s
569exposure. The structure was solved by Direct methods using the
570program SHELXS-2013.19 The refinement and all further calculations
571were carried out using SHELXL-2013.20 The H atoms were included
572in calculated positions and treated as riding atoms using SHELXL
573default parameters. The non-H atoms were refined anisotropically,
574using weighted full-matrix least-squares on F2. A semiempirical
575absorption correction was applied using SADABS in APEX2 ;
576transmission factors: Tmin/Tmax = 0.6231/0.7528. The SQUEEZE
577instruction in PLATON21 was applied. The residual electron density
578was assigned to half a molecule of chlorobenzene. C62H58N6NiOS, M
579= 993.91 g·mol−1, black prism, monoclinic, space group C2/c, a =
58023.3114(6) Å, b = 14.1663(4) Å, c = 34.3124(10) Å, α = 90°, β =
58190.3370(10)°, γ = 90°, V = 11331.0(5) Å3, ρcalc. = 1.165 g·cm−3, Z = 8,
582T = 173 K, 3.792 < θ < 66.6, transmission factors Tmin/Tmax = 0.6231/
5830.7528, 54991 reflections measured, 9895 unique reflections, R1 =
5840.064, R2 = 0.1693, GOF = 1.062. CCDC number: 1573335.
585Crystal Data 12. Transmission factors: Tmin/Tmax = 0.4866/0.7528.
586The SQUEEZE instruction in PLATON was applied. The residual
587electron density was assigned to a molecule of chlorobenzene. The
588atoms C104, C105, and C106 are disordered over two positions with
589an occupancy ratio of 0.7/0.3. C154H139Cl5N12Ni2PdS4, M = 2687.07 g·
590mol−1, black plate, monoclinic, space group P21/c, a = 20.6340(8) Å, b
591= 26.9516(16) Å, c = 28.2022(13) Å, α = 90°, β = 112.533(3)°, γ =
59290°, V = 14486.5(13) Å3, ρcalcd = 1.232 g·cm−3, Z = 4, T = 130(2) K,
5934.0 < θ < 66.622. Transmission factors: Tmin/Tmax = 0.4866/0.7528,
594109226 reflections measured, 25034 unique reflections, R1 = 0.1637,
595R2 = 0.4055, GOF = 1.200. CCDC number: 1573332.
Inorganic Chemistry Article
DOI: 10.1021/acs.inorgchem.7b02422
Inorg. Chem. XXXX, XXX, XXX−XXX
H
596 ■ ASSOCIATED CONTENT
597 *S Supporting Information
598 The Supporting Information is available free of charge on the
599 ACS Publications website at DOI: 10.1021/acs.inorg-
600 chem.7b02422.
601 Spectral data (1H and 13C NMR, MALDI mass spectra,
602 UV−visible) of all new compounds (PDF)
603 Accession Codes
604 CCDC 1573332 and 1573335 contain the supplementary
605 crystallographic data for this paper. These data can be obtained
606 free of charge via www.ccdc.cam.ac.uk/data_request/cif, or by
607 emailing data_request@ccdc.cam.ac.uk, or by contacting The
608 Cambridge Crystallographic Data Centre, 12 Union Road,
609 Cambridge CB2 1EZ, UK; fax: +44 1223 336033.
610 ■ AUTHOR INFORMATION
611 Corresponding Authors
612 *E-mail: y.kikkawa@aist.ac.jp.
613 *E-mail: rruppert@unistra.fr.
614 ORCID
615 Romain Ruppert: 0000-0002-1513-1949
616 Author Contributions
617 The manuscript was written through contributions of all
618 authors. All authors have given approval to the final version of
619 the manuscript.
620 Notes
621 The authors declare no competing financial interest.
622 ■ ACKNOWLEDGMENTS
623 Continuous financial support from the CNRS and the
624 University of Strasbourg are acknowledged. H.D. thanks the
625 French Ministry of Research for a PhD-fellowship. M.A.C.
626 thanks the FRC-Labex CSC for her PhD-fellowship (ANR-10-
627 LABX-0026_CSC). This work was partly supported by the
628 Strategic International Collaborative Research Program (SI-
629 CORP) from Japan Science Technology Agency (JST).
630 ■ REFERENCES
(1)631 (a) Whitesides, G. M.; Grzybowski, B. Self-Assembly at All Scales.
632 Science 2002, 295, 2418−2421. (b) Barth, J. V.; Costantini, G.; Kern,
633 K. Engineering Atomic and Molecular Nanostructures at Surfaces.
634 Nature 2005, 437, 671−679. (c) Gomar-Nadal, E.; Puigmartí-Luis, J.;
635 Amabilino, D. B. Assembly of Functional Molecular Nanostructures on
636 Surfaces. Chem. Soc. Rev. 2008, 37, 490−504.
(2)637 (a) Lehn, J.-M. Toward Self-Organization and Complex Matter.
638 Science 2002, 295, 2400−2403. (b) Smith, R. K.; Lewis, P. A.; Weiss, P.
639 S. Patterning Self-Assembled Monolayers. Prog. Surf. Sci. 2004, 75, 1−
640 68. (c) Descalzo, A. B.; Martinez-Manez, R.; Sancenon, F.; Hoffmann,
641 K.; Rurack, K. The Supramolecular Chemistry of Organic-Inorganic
642 Hybrid Materials. Angew. Chem., Int. Ed. 2006, 45, 5924−5948.
643 (d) Plass, K. E.; Grzesiak, A. L.; Matzger, A. J. Molecular Packing and
644 symmetry of Two-Dimensional Crystals. Acc. Chem. Res. 2007, 40,
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